The observation of chemical reactions on the time scale of the motion of electrons and nuclei has been made possible by lasers with ever shortened pulse lengths. Superfluid helium represents a special solvent that permits the synthesis of novel classes of molecules that have eluded dynamical studies so far. However, photoexcitation inside this quantum solvent triggers a pronounced response of the solvation shell, which is not well understood. Here we present a mechanistic description of the solvent response to photoexcitation of dopant atoms inside helium nanodroplets, obtained from femtosecond pump-probe spectroscopy and time-dependent density functional theory simulations.
are an appealing spectrosopic tool because of their transparency for electromagnetic radiation up to the extreme ultraviolet energy regime [5] . However, photoexcitation inside the droplet leads to dissipation of significant excess energy via coupling to collective modes of the surrounding helium, which is expected to be a fast process. Femtochemistry inside He N will allow real time tracking of photochemical reactions in novel systems, such as fragile agglomerates [10, 11, 12] , or molecules in a microsolvation environment [13] . This will, however, require a detailed knowledge about the response of the quantum fluid to the photoexcitation of a dopant atom or molecule. So far, only the ultrafast dynamics in pure helium droplets have been studied [14] , and femtosecond measurements on doped helium droplets were restricted to the surface bound alkali metals [15, 16] that can hardly couple to helium bubble modes. Since most foreign atoms and molecules reside inside the droplets and couple more strongly, we have concentrated on the electronic excitation of single atoms well inside the droplets. In this way, no other degrees of freedom such as rotation or vibration would interact and only the coupling of the electronic excitation with the modes of the surrounding helium should be detected. Previous spectroscopic studies in the frequency domain have shown blue-shifted excitation bands of dopants inside droplets compared to gas phase indicating that an excess energy is required to create a correspondingly larger helium bubble to accommodate the excited electron orbital [5] . This excess energy must be released to the helium in form of a damped helium excitation mode. In our work, we follow the expansion of the helium bubble after the electronic excitation of the dopant in real time. After an expansion from 4.5Å to 8.0Å radius in 600 fs, an oscillation with a period of (28 ± 1) ps starts until the excited dopant atom leaves the droplet about 60 ps after the electronic excitation. As observable in our fs pump-probe measurements, we chose the photoelectrons released because they have been shown to exit the droplet rather ballistically without being significantly influenced by the helium environment [15, 14, 17] . In spite of its importance for photochemical studies in superfluid helium droplets, this sequence of events has not previously been observed.
Results
We investigate photoexcitation dynamics of the In-He N system with a combination of time-resolved photoelectron spectroscopy (TRPES) and time-dependent density functional theory (TDDFT) simulation, as described in the following. A mechanistic description of the processes deduced from experiment and theory will be discussed in the final paragraph. 
TRPES
The feasibility of ultrafast experiments inside He N ultimately depends on the availability of an ex-perimental observable that is available with sufficiently low distortion by the intermediate helium.
Ion detection, as used on the droplet surface, is not possible because ions are captured inside the droplet due to their attractive potential [15] . Photoelectron (PE) detection, in contrast, has been successfully used for pure and doped He N [17, 15, 14] . TRPES is a well established method for ultrafast gas-phase studies and is primarily sensitive to the electronic structure of a system [18, 19] .
As depicted in figure 1a , after photoexcitation by a pump pulse the evolution of the excited state is probed by time-delayed photoionization and the PE kinetic energy (red arrows) is measured.
When applied inside a He N , photoexcitation induces an abrupt disturbance of the quantum fluid solvation shell due to expansion of the valence electron wave function. Because the energies of the electronic states depend on the structure of the He environment, the transient response of the quantum solvent can be sensed with TRPES (see figure 1a) . Figure 2 shows the time-dependent evolution of the PE signal within the first picosecond after around 0.32 eV, which is about 0.02 eV above the gas-phase peak that appears at around 0.30 eV (solid line in figure 2 ). The remaining shift represents the reduced ionization potential of In atoms in the He environment due to polarization effects [17] .
In figure 3 the PE kinetic energy up to 100 ps is shown (blue crosses). After a steep decrease representing the tail of the initial peak shift shown in figure 2 , the peak position slowly decreases to reach a constant value at about 60 ps with a temporary increase at (28 ± 1) ps. 
TDDFT
To obtain further insight into the ultrafast dynamics, photoexcitation of the In-He N system is simulated with TDDFT using the BCN-TLS-He-DFT computing package [8] , which has been successfully applied to reproduce the dynamics of He N loaded with various different atomic species [21] .
In the present case, an extraordinary amount of excess energy of several hundred meV is coupled into the system in the photoexcitation process. We therefore carefully tested the simulations for 
Conclusions
The transient shift in the pump-probe PE spectrum of the In-He N system within the first ps (figure 2) has to be related to solvation shell dynamics, as no internal degrees of freedom are available for relaxation of the In atom in its lowest electronically excited state. The energy of the excited valence electron in the In*-He N system is a very sensitive probe for the temporal evolution of the He environment because of strong Pauli repulsion with the surrounding helium [22] . TRPES measures the transient PE kinetic energy, which additionally depends on a temporal shift of the ionic state energy (E HeN-In + , figure 4b ). Therefore, we use TDDFT modeling of the photoexcitation process in order to distinguish these two contributions. Previously, TDDFT simulations could only be compared to time-dependent experiments at the weakly-interacting droplet surface [16] .
In the interior, the dopant-He interaction is much stronger, with the consequence that significantly more excess energy (270 meV ≈ 2200 cm −1 in our case) is coupled into the system during pho- In conclusion, our experiments prove that ultrafast, coupled electronic and nuclear dynamics of particles located inside superfluid He nanodroplets can be observed and simulated. As a proof of concept, our results pave the way to use helium droplets as a novel sample preparation technique for ultrafast studies on previously inaccessible tailor-made or fragile molecular systems.
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Methods

Helium droplet generation and In atom pickup
Helium droplets with an average size of about 4000 atoms are generated by supersonic expansion of high purity (99.9999 %) helium gas through a cooled nozzle (5 µm diameter, 18 K temperature, The intensities of the pump and probe pulses are optimized to obtain a maximum pump-probe signal with respect to pump-only and probe-only backgrounds. The pump wavelength for In excitation to the lowest excited state (5s 2 6s) is chosen to be 376 nm in order to optimize the monomer to dimer ratio (see supplementary note 1 and supplementary figure 1), which is blue-shifted by 270 meV with respect to the gas-phase excitation wavelength at 410 nm [2] . This amount of excess energy is coupled into the In-He N system at photoexcitation. The pump-probe cross correlation is estimated with 150 fs.
Time-dependent helium density functional theory
In the last years the approach of TDDFT for the bosonic system of helium has been successfully applied to describe the dynamical interaction of surface-and centre-located species with the helium quantum fluid, providing important insight into effects like superfluidity on the microscopic level [3] , desorption dynamics [4] , or collision processes [5, 6] . Details on the application and formalism of static and dynamic HeDFT are given elsewhere [9] and the computing package of the BCN-TLS group is available to the public as open source [8] . Here only the basic concepts that affect the presented results are given: Both static and dynamic computations are based on the diatomic In-He potential energy surfaces. These pair potentials were calculated with high level ab initio methods for the ground, excited and ionic state (see supplementary note 2 and supplementary figure 2). The simulations are performed for a He 4000 droplet with the In impurity located in the centre by using a He-functional that includes the solid term [7] . We use a three dimensional Cartesian box of 96Å length with a discrete grid size of 320 pt (0.3Å spacing) and time steps of 0.1 fs to simulate the bubble expansion dynamics within the first ps and a grid size of 256 pt (0.375Å spacing) and time steps of 1 fs for the bubble oscillation dynamics up to 100 ps. For the bubble oscillation dynamics the starting position was chosen to be at 20Å distance to the centre, in order to obtain a similar ejection behavior as in the experiment (whereas the bubble expansion in the first picosecond is a purely local effect and doesn't depend on the dopant location).
With the statically optimized ground state He density, a dynamical evolution is triggered by re-placing the ground state pair potential with the excited state pair potential. This instantaneous perturbation drives the system and TDDFT allows to follow the resulting dynamics in real time [9] .
Photoelectron spectra are simulated by integrating the pair potential energies E He-In over the whole droplet density for both the excited state and for the ionic state. The difference between the interaction energies directly compares to the difference in ionization energy of the immersed impurity and therefore to the shift in PE energy.
Since a huge amount of energy is deposited into the system in the excitation process, the simulations were tested for numerical uncertainties by variation of different parameters (grid size, time step and cutoff energy), as presented in supplementary note 3 and supplementary figures 3-4.
Supplementary information for femtosecond photoexcitation dynamics inside a quantum solvent
Supplementary video 1: Bubble expansion process
Supplementary video 1 shows the time dependence of the helium droplet density with an indium atom located at the centre for the first two picoseconds after photoexcitation, as obtained from the TDDFT simulation. An expansion of the helium bubble is followed by a shock wave, that
propagates to the droplet surface.
Supplementary video 2: Bubble contraction and dopant ejection
Supplementary video 2 follows the helium density with an indium atom placed at 20Å from the centre (which is closer to the real situation) for the first 70 ps after photoexcitation. After the bubble expansion, the solvated atom is ejected from the droplet within about 60 ps. Additionally, a contraction of the bubble at around 22 ps during the ejection process occurs, indicating that one single period of the bubble oscillation can be observed.
Supplementary note 1: The In-He N excitation spectrum
The In-He N excitation spectrum in the region of the In 5s 2 6s←5s 2 5p transition was previously recorded and is shown in supplementary figure 5 . In addition to the monomer signal (blue line)
an In dimer band (red line) appears with strong overlap to the monomer. The monomer signal shows a maximum at 368 nm, which is blue-shifted by 2800 cm −1 with respect to the free atom line (green, solid line) [1] . The excitation wavelength was chosen at 376 nm (black, dashed line) to obtain a good monomer-to-dimer ratio. Additionally, a reduced pickup temperature was used to minimize the dimer influence. For completeness, we give a short summary of the ab initio strategy: In the calculation, the augcc-pV5Z family of basis sets [2, 3] in combination with the ECP28MDF effective core potential of the Stuttgart/Köln group [4] is used. The ab initio calculations are performed with the MOLPRO software package [5] . To account for the weak van der Waals-type binding between the He and In, a combination of multiconfigurational self consistent field calculations (MCSCF) [6, 7] and multiref- erence configuration interaction (MRCI) [8, 9] is applied. The active space of the MRCI approach consists of three valence electrons, the core orbitals are optimized in the MCSCF calculation and kept doubly occupied. The curves are basis set-extrapolated by applying additional calculations with the aug-cc-pVQZ and aug-cc-pVTZ basis set families and the three-point extrapolation formula by Wilson and Dunning [10] . By using the Breit-Pauli operator, the spin-orbit splitting is calculated.
Supplementary note 3: Numerical error tests for the simulation
The large amount of 270 meV excess energy coupled to the system in the photoexcitation process, which is represented as high blueshift of the in-droplet excitation wavelength with respect to the free atom line (see supporting figure 5 The grid sizes used for the simulations presented in the paper are 320 pt for simulation of the bubble expansion dynamics (0 to 1 ps) and 256 pt to simulate the bubble oscillation (0 to 100 ps).
Supplementary figure 7c shows that for the short dynamics an increase to 384 pt does not change the interaction energy significantly, while a decrease to 256 pt would introduce errors on the order of about 1%. A similar behavior is observed for the higher timescales (see figure 7d) , where a grid size of 192 pt introduces numerical errors that are on the order of the simulated energies, whereas nearly no deviation to the grid size of 320 pt is found. Another important parameter is the cutoff-energy for the different pair potentials, that has to be chosen high enough in order to avoid unphysical He density cumulations and energetic instabilities.
The cutoff-energies for the ground state, the excited state and the ionic state potential are chosen with 2150 cm −1 , 1008 cm −1 and 5560 cm −1 , respectively. As the excited state cutoff-energy has the lowest value, different energies around 1008 cm −1 were tested with the result that the influence on the excited state interaction energy was below 10 −10 eV (not shown).
